The monsoonal paleoclimate of India has been critical for understanding the tectonic history of Himalayan and Tibetan uplift over the past 60 My. Monsoonal circulation in deep time has been inferred from variation in stable isotopes of tooth enamel, diatom blooms, and dust influx in the Indian Ocean and the advent of C 4 grasses, but these proxies are compromised by temperature, biotic, and source effects. Our study uses a proxy of carbonate distribution within paleosol profiles to infer appearance of monsoonal circulation of modern strength in the Himachal Pradesh segment of the Himalayan foreland by at least 20 My ago, cued to High Himalayan deformation and ongoing Tibetan Plateau uplift and retreat of the Paratethys Sea. Paleosol records also demonstrate declining chemical weathering with Himalayan and Tibetan uplift, which was a force for global warming, rather than cooling, over the past 20 My.
Introduction
Announced with thunder and lightning, the summer monsoon of India is an eagerly awaited reprieve from stifling heat, celebrated in Indian poetry back into the Vedic Period of 3500 y ago (Murty 2014) . Monsoon rains rouse parched soils to life and signal the planting season for rice in India, Southeast Asia, and China. Monsoon winds from tropical seas bring summer rain and are followed by monsoon winds from cold and dry northern lands in winter and spring. The intensity of the South Asian monsoon is the difference between dry-season and wet-season wind, temperature, and precipitation (Huber and Goldner 2012; Wang and Chen 2014) . These seasonal differences are most extreme over the IndoGangetic plains of India, because of strong land-sea temperature gradients created by the Himalaya and the Tibetan Plateau Clift et al. 2008; Wang and Chen 2014) , although opinion is divided on whether the range (Boos and Kuang 2010) or the plateau (Wu et al. 2012 ) is more important. The uplift of Asian mountains also has been considered important for global weathering and cooling (Raymo and Ruddiman 1992) , although the causation and direction of those changes also are disputed (Jacobson et al. 2002; Quade et al. 2003; Retallack 2013 ). Both controversies are addressed here from new evidence of paleoprecipitation from paleosols in India, Nepal, and China.
The link between uplift and monsoons is so striking Clift et al. 2008; Wang and Chen 2014 ) that different ages of uplift have been derived from different proxies for the advent of monsoonal paleoclimate: late Eocene (40 Ma), from oxygen isotopic variation in growth rings of fossil snails and mammals (Licht et al. 2014b ) and from fossil wood growth rings (Licht et al. 2015) ; early Miocene (23 Ma), from geochemical and mineralogical indices of chemical weathering (Clift et al. 2008) ; midMiocene (12.9 Ma), from particulate organic matter in the Indian Ocean (Betzler et al. 2016) ; late Miocene (10 Ma), from diatom blooms in the Indian Ocean (Gupta et al. 2004) ; , from the advent of C 4 grasslands in South Asia (Quade et al. 1989) ; and early Pliocene (5 Ma), from dust influx in deep sea cores ). These indirect proxies may be compromised by competing effects: oceanic versus continental sources of moisture and temperature versus precipitation for oxygen isotopic composition (Licht et al. 2014b) ; nonseasonal versus seasonal climatic factors for chemical-weathering indices of sediments (Clift et al. 2008 ) and dust dispersal ; and evolutionary innovation versus population explosion of phytoplankton (Gupta et al. 2004; Betzler et al. 2016 ) and grasslands (Quade et al. 1989 . Our study brings to the question of monsoon antiquity new observations of long sequences of paleosols in India, Nepal, and China ( fig. 1 ).
Pedogenic carbonate is a conspicuous feature of many paleosols (figs. 2, 3) widely used in paleoenvironmental studies (Quade et al. 1989 Retallack 2005) . Commonly, it is low-magnesium, micritic, replacive nodules that form below the soil surface as soils dry out and respired soil CO 2 declines at the end of the growing season (Breecker and Retallack 2014) . Depth to the horizon of carbonate nodules (calcic or Bk horizon in soil terminology) is thus related to both soil respiration in parts CO 2 per million (Breecker and Retallack 2014) and mean annual precipitation in millimeters, which is the climatic driver of biological productivity (Retallack 2005) . Soils of desert regions have shallow calcic horizons as a result of low productivity and precipitation, but soils of subhumid regions have deep calcic horizons reflecting high productivity and precipitation.
Indian monsoonal soils suffer both extremes: low biological productivity and precipitation for the hot dry season versus high productivity and precipitation for the warm wet season. Thickness of a soil with carbonate nodules (measured as the distance between the highest and lowest nodules) is a useful proxy for the difference in mean monthly precipitation between the driest and wettest months (Retallack 2005) . For soils of the Indo-Gangetic plains of India, there is more than 100 mm difference in mean monthly precipitation. In addition, monsoonal soils of India also have both shallow and deeply reaching root traces and generally small nodules, with evidence of dissolution and reprecipitation of carbonate, and concentric laminae of goethite and hematite (Retallack 1991 (Retallack , 1995 . Such nodules are not found in summer-dry soils or paleosols, which have siliceous rhizoconcretions (Retallack 2004) . Additional evidence against summer-dry (Mediterranean) climatic seasonality for South Asia is pedogenic carbonate evidence for the advent during the late Miocene of C 4 grasses, which are still unknown in summerdry climates (Quade et al. 1989 . This study thus focused on long time series of Miocene to Pleistocene paleosols in the Indo-Gangetic plains and Eocene to Miocene paleosols in the Lesser Himalaya. Oligocene to Pleistocene paleosol sequences were examined directly north of the Tibetan Plateau in China's Gansu Province, at the arid fringes of the East Asian monsoon system (Molnar et al. 2010; Sha et al. 2015; Spicer et al. 2016) . The Chinese paleosols offer a global change baseline for comparison with longterm change in South Asian monsoonal paleosols, because they record middle and late Miocene spikes in precipitation and long-term drying also seen in comparable records from North America, Kenya, and Australia (Retallack 2007a (Retallack , 2013 Metzger and Retallack 2010) .
A final pedogenic carbonate (Bk) metric is nodule size, which has been calibrated in modern soils to the age of surface soils (Retallack 2005) . This duration of soil formation is not the same as the geological age of a paleosol but is useful for calculating rates of sediment accumulation (Retallack 1997 ). All three Bk metrics-depth, thickness, and nodule size-are here applied to the past 60 My of Chinese and South Asian paleosols as a novel and independent record of Himalayan and Tibetan paleoclimate. Our study is the first to introduce paleosol Bk metrics to understand the evolution of the South Asian monsoon. There are limits to further applications of Bk metrics, because south Chinese and Southeast Asian Cenozoic paleosols are noncalcareous, as a result of humid to perhumid paleoclimate (Nichols and Uttamo 2005; Biasatti et al. 2012; Licht et al. 2014a ). These simple field metrics can be obtained rapidly and in volume, and we hope to encourage similar studies in other regions of central Asia and in time intervals missing from our study. Additional fieldwork is needed to extend our results to the thousands of red calcareous Cenozoic paleosols now known from Pakistan (Retallack 1991 (Retallack , 1995 , the Tibetan Plateau (Rowley and Currie 2006; DeCelles et al. 2007 ), Mongolia (Sun and Windley 2015) , and Kyrgyzstan (Macauley et al. 2016) .
Geological Background
Paleosols are well known in Himalayan foreland basins, within the Subathu and Dagshai Formations (Sangode et al. 2010; Singh et al. 2010; Srivastava et al. 2013 ) and the Siwalik Group of India (Retallack 1991 (Retallack , 1995 Singh et al. 2011 Singh et al. , 2012 and Nepal (Quade et al. 1989 (Quade et al. , 2003 Tanaka 1997) . This study extends observations of paleosols to previously studied Cenozoic stratigraphic sections in Gansu, China, in intermontane basins north of the Tibetan Plateau (Flynn et al. 1999; Fang et al. 2003; Li et al. 2006 ). Paleosols were recognized by the trinity of (1) root traces (figs. 2F, 3G), (2) soil horizons (figs. 2C-2F, 3B, 3C, 3G), and (3) soil structure (figs. 2D, 3C), as already documented for the Dagshai and Subathu Formations of India Srivastava et al. 2013) .
Evidence of nonmarine paleoenvironments comes from fossil land plants and terrestrial vertebrates in the Dagshai and Kasauli Formations (Mehra et al. 1990; Arya et al. 2004; Bhatia and Bhargava 2006 ) and all the sections described here from Gansu, China (Fang et al. 2003; Li et al. 2006; Qiu et al. 2013 ). Pollen of palms and cells of freshwater algae in the basal Dagshai Formation are evidence of ponded water and coastal nonmarine habitats (Singh and Sarkar 1990) . However, the Subathu Formation includes a mix of marine and nonmarine fossils and facies. Gray siltstones of the Subathu Formation include fossil oyster biostromes (Bhatia et al. 2013 ), large photosymbiotic foraminifera (Bhatia et al. 2013) , whales (Bajpai and Gingerich 1998) , and a distinctive assemblage of small tropical sea shells (Mathur 1975) . In contrast, calcareous red beds of the Subathu Formation include freshwater charophytes (Bhatia and Baghi 1991) and snails (Mathur 1965) and terrestrial rodents at two distinct stratigraphic levels ( fig. 4 ), early Lutetian (middle Eocene) and late Ypresian (early Eocene; Srivastava and Kumar 1996; Gupta and Kumar 2015) . Sites for red beds of the Subathu Formation visited for this work included paleosols, with root traces, soil horizons, and ped-cutan soil structure ( fig. 2A,  2C, 2D ). These red beds do show subtle grain-size grading, but we do not agree with the interpretation by Bera et al. (2008) of Subathu red beds as marine "red calciturbidites." Paleobathymetry of the marine Subathu Formation inferred from large photosymbiotic foraminifera and oyster biostromes was less than 40 m (Singh 2012) . Some Subathu fossil assemblages have medium-sized (3-4 cm), smooth oysters (Flemingostrea flemingi) and little else. Other assemblages of turritellid snails and carditid bivalves are all less than 12 mm long, and even the large foraminifera are less than 15 mm in diameter; these distinctive assemblages may record fresh to hypersaline conditions of coastal estuaries and salinas (Mathur 1975) . The basal Subathu Formation has coal seams with deeply weathered tuffs (tonsteins) in Histosol paleosols (Siddaiah and Kumar 2008) and bauxites of Oxisol paleosols ). This is the first of four nonmarine levels in the largely shallow-marine Subathu Formation, below the three levels recognized in our composite section ( fig. 4) .
Biostratigraphic ages for these various formations are based primarily on large shallow-marine foraminifera (Nummulites, Assilina) for the Subathu Formation (Bhatia et al. 2013 ), on palynology and (Mehra et al. 1990; Arya et al. 2004; Bhatia and Bhargava 2006) , and on mammalian biostratigraphy for the Chinese formations (Flynn et al. 1999; Fang et al. 2003; Li et al. 2006 ). More precise age models for the Chinese formations comes from paleomagnetic data (Fang et al. 2003; Li et al. 2006; Qiu et al. 2013) updated to the timescale of Ogg (2012) .
The age of the basal Dagshai Formation is controversial: 39.6 Ma, from paleomagnetic chron correlation (Sangode et al. 2010) ; 35.5 5 6.7 Ma, from paleomagnetically determined paleolatitude (Najman et al. 1994) ; 32 Ma, from fission-track dating of detrital zircons (Jain et al. 2009; Srivastava 2013) ; 30 Ma, from U-Pb dating of detrital zircons (Najman 2006; Ravikant et al. 2011); and 24.7 Ma, from 40 Ar/
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Ar dating of detrital muscovite (Najman et al. 1997 ). An early Miocene age (20-23 Ma) is likely from lithological correlation with the paleomagnetically dated Dumri Formation of Nepal (Ojha et al. 2009; DeCelles et al. 2014 ) and mammal faunas of the Dharmsala Formation of Kangra Valley, Himachal Pradesh (Tiwari et al. 2006; Sehgal and Bhandari 2014) , and the Murree Formation of Jammu and Kashmir (Kumar and Kad 2003) . The detrital mineral ages are maxima, and the oldest estimate of 39.6 Ma comes from the untenable assumption that the red upper Subathu Formation is transitional into the red lower Dagshai Formation (Singh and Lee 2007; Sangode et al. 2010; Bhatia et al. 2013) . Regional mapping has revealed a major geological disconformity, represented by quartz sandstones, above the middle Eocene (early Lutetian, or at least 48 Ma) marine portion of the Subathu Formation (Bera et al. 2008) . A comparable large unconformity between marine shales and nonmarine red beds has been found in Nepal (DeCelles et al. 2004 (DeCelles et al. , 2014 . A misleading appearance of transition in Himachal Pradesh comes from middle Eocene (early Lutetian) red beds with caliche nodules and terrestrial vertebrates (Singh and Lee 2007) , such as red terrestrial mudstone lenses lower in this largely marine formation (Srivastava and Kumar 1996; Gupta and Kumar 2015) . What remains of the Dagshai Formation magnetostratigraphy of Sangode et al. (2010) is a long normal above a short reversal, which we correlate with chrons .04 Ma) of Ogg (2012) . Unlike other cor- (2010) and Srivastava et al. (2013) . Pedotype names are to the left of the development box, based on the soil maturity scale of . Calcareousness as a guide to aridity is based on field reaction with dilute HCl, and hue as a guide to waterlogging is based on a Munsell color chart. A color version of this figure is available online.
relations of short normals with unreasonable sediment accumulation rate, this correlation gives a sediment accumulation rate of 0.13 mm/y, comparable with that of the basal Dumri Formation of Nepal (Ohja et al. 2009 ).
Insecure dating of the Dagshai Formation remains a problem, but the disconformity of over 20 My for our time series in Himachal Pradesh and Nepal may not apply to all outcrops of red beds in the Himalayan foreland. Different measured sections of the Dagshai Formation in different fault blocks have different sequences (Bera et al. 2010) , and paleomagnetic and detrital mineral dating studies in blocks other than the Chakki-ka-More section may find some of the geological time now considered missing.
Paleolatitude of the Subathu region of northern India was about 137N 45 My ago, but Indian northward movement slowed to transit 197-307N over the past 35 My, whereas north China and Mongolia have been between 307N and 407N for the past 60 My (Najman et al. 1994; Dupont-Nivet et al. 2010; Huang et al. 2015) . Thus, the Subathu Formation formed south of 107N, well south of its current outcrop at 317N, but the Dagshai Formations formed north of 207N. Gansu was at about at 367N for the past 60 My.
Material and Methods
This work proceeded by reoccupying measured sections in Himachal Pradesh, India (figs. 4, 5), and Gansu, China (figs. 6-9), and logging all paleosols encountered. Each newly discovered pedotype was graphically characterized, including Munsell color and rock texture, and named after local villages in Himachal Pradesh or with simple descriptive terms in the Tibetan language (Bell 1989) for paleosols in Gansu. Also gathered were field measurements of features of calcareous paleosols that have paleoenvironmental significance (Retallack 2005) : (1) depth to the calcareous nodular (Bk) horizon, (2) thickness of paleosol with carbonate nodules, and (3) size of nodules. These were all measured directly on the outcrop with a cloth tape, usually after excavation to determine the upper bounds of the paleosol. Depth and thickness of Bk ranged from 20 cm to more than 140 cm and nodule horizontal diameter from 0.1 to 6 cm, with five exceptions up to 14 cm and starting to merge into a calcareous bench (K horizon). Our new field observations are tabulated in the appendix, available online.
Our new field data were supplemented with previously published geochemical data on Indian and Nepali Cenozoic paleosols, including data on oxygen and carbon isotopic composition of pedogenic carbonate nodules (Harrison et al. 1993; Quade et al. 1995; Srivastava 2001; Ghosh et al. 2004; Sanyal et al. 2005; Singh and Lee 2007; Leier et al. 2009; Bera et al. 2010 ) and major-element chemical analysis of noncalcareous (!3 wt% CaO) parts of the paleosols (Najman and Garzanti 2000; Hossain et al. 2008; Siddaiah and Kumar 2008; Singh et al. 2009; Srivastava et al. 2013 ) and modern soils and sediments (Srivastava 2001; Singh 2010) .
Paleosol Interpretation
Identification of the various pedotypes in tables 1 and 2 used three separate soil classifications: (1) the updated soil taxonomy of the United States Natural Resources Conservation Service (Soil Survey Staff 2014), (2) the international classification of the United Nations Educational, Scientific and Cultural Organization (UNESCO; FAO 1977 FAO , 1978 , and (3) a traditional classification of the Commonwealth Scientific and Industrial Research Organization of Australia (Stace et al. 1968 ). The FAO (Food and Agriculture Organization)-UNESCO classification (FAO 1977 (FAO , 1978 ) is particularly useful because it is applied consistently in classifying all land surfaces of the Earth into map units defined by a particular code. For example, map unit Bk40-2a (Je, Jc, G) near Muzafarpur, India (FAO 1977) , consists mainly of Calcic Cambisols (Bk), with subordinate Eutric Fluvisols, Calcaric Fluvisols, and Gleysols. Individual geological formations and parts of formations are assigned comparable codes in table 3, which lists the most similar modern map units. This is thus a guide to comparable modern soil-forming environments, or pedoscapes, giving a paleoenvironmental context.
Interpretations of likely paleoenvironmental factors for each pedotype (tables 1, 2) are based on previously published studies of these particular paleosols (Retallack 1991 (Retallack , 1995 Quade et al. 1995; Tanaka 1997; B. P. Singh et al. 2010; Srivastava et al. 2013) or other guides to paleosol interpretation (Retallack 1997 ). In the Eocene Subathu Formation, mangal paleosols colonizing oyster biostromes are revealed by both carbonaceous root traces in oyster coquinas and oysters (Flemingostrea flemingi) with umbonal deformation (Mathur 1975) , as if growing around narrow mangrove prop roots (Plaziat 1970) . Coastal floodplain paleosols of the Subathu, Dagshai, and Kasauli Formations have drab-haloed root traces ( fig. 2C ), as if they were originally well drained but subsided into a shallow water table after burial (Retallack 1991) .
Quantitative paleoclimatic estimates can be derived from a previously published global database of 674 soils of postglacial age in unconsolidated sediments of low-lying terrane under grasslands and shrublands (Retallack 2005) , which found a relationship between mean annual precipitation (P in mm) and depth to calcareous nodules (D in cm), given by the following formula, with standard error of 5147 mm and a coefficient of determination (r 2 p 0.52):
The standard error accommodates data from all climates for universal applicability to paleosols, including nine soils from India and Pakistan and four soils from northwest China. This relationship has been questioned by Royer (1999) , who used a database of bedrock soils inappropriate to sedimentary settings (Retallack 2000) . Not only topographic setting but parent materials, vegetation, and formation durations must be constrained for this and other climofunctions, as stressed when first proposed by Jenny and Leonard (1935) . The climofunction was not based on soils that were waterlogged (unoxidized with siderite or pyrite) or developed on bedrock slopes (with metamorphic or igneous rock below), under rain forests (thick kaolinitic and noncalcareous), or for longer than about 10,000 y (so with carbonate benches or K horizons; Retallack 1997 ). Thus, the climofunction was not applied to paleosols with any of these distinctive features but was limited to oxidized and freely rooted and burrowed paleosols of alluvial sediments, illitic to smectitic composition, and small nodules.
Also from the same study and database (Retallack 2005) , the relationship between the mean annual range of precipitation (M as mean precipitation in mm of the wettest minus the driest month) and the thickness of soil between the highest and lowest nodules (T in cm) is given by equation (2), with a standard error of 522 mm and a coefficient of determination (r 2 p 0.58). The nine soils from India and Pakistan in the database for this relationship are the most extreme for seasonality of precipitation, a key component of monsoon intensity (Huber and Goldner 2012; Wang and Chen 2014) , and thus define the relationship:
Both proxies were corrected for compaction of paleosols due to burial, using equation (3) for Aridisols (Sheldon and Retallack 2001) , giving depth or thickness of horizon with nodules in the original soil (D s in cm) from depth in the current paleosol (D p in cm) for a particular depth of burial (K in km). Depth of burial was taken from local stratigraphic compilations Tanaka 1997; Flynn et al. 1999 (Li et al. 2006) ; B, road cuts around Dongxiang (Fang et al. 2003) ; C, road cuts near Diutinggou (Qiu et al. 2013) . Pedotype names are to the left of the development box, based on the soil maturity scale of . Calcareousness as a guide to aridity is based on field reaction with dilute HCl, and hue as a guide to waterlogging is based on a Munsell color chart. Chron ages are from Ogg et al. (2012) . A color version of this figure is available online.
zon at a depth of less than 1 m is part of the definition of Aridisols (Soil Survey Staff 2014):
Another relationship documented in the same study of modern soils (Retallack 2005 ) is that between duration of soil formation (A in ky) and the diameter of calcareous nodules (S in cm), given by equation (4), with a standard error of 51.8 ky and a coefficient of determination (r 2 p 0.57). This relationship is based on only 10 radiocarbon-dated soils from New Mexico (Gile et al. 1981) , still the most comprehensive available database. Compaction correction is not applied to horizontal diameter of nodules or logs, which cannot spread because of lateral lithostatic support (Retallack 1994 ):
The complex petrography of South Asian nodules comparable with modern monsoonal soils has been described elsewhere (Retallack 1991) , and here we add observations of rooting depth and the depth, thickness, and nodule size of the calcic horizon ( fig. 2 ) and compare them with those of other paleosols previously described from India and Nepal (Quade et al. 1989 Retallack 1991; Sangode et al. 2010; Srivastava et al. 2013 ). Depth to calcic horizon and thickness of paleosols with carbonate could both be compromised by erosion of profiles before burial, so that our data can be regarded as minimal estimates of precipitation and seasonality. With the exception of the basal Dagshai Formation disconformity ( fig. 2A,  2D) , contacts above the paleosols are nonerosive and preserve large root traces (figs. 2C, 2E, 2F, 3). Apart from the sub-Dagshai unconformity, the sections examined are thick and continuous, and other studies of sedimentary facies and sedimentation rates confirm the aggradational nature of these unusually thick alluvial sequences (Behrensmeyer et al. 1995; Flynn et al. 1999; Fang et al. 2003; Li et al. 2006; Ojha et al. 2009; Srivastava et al. 2013) .
Stable-isotope data are also available on caliche nodules of Bk horizons of Indian and Nepali paleosols, including 27 of the paleosols in this study (Leier et al. 2009; Bera et al. 2010 ). This reveals a striking change in vegetation from C 3 woodland to C 4 grassland at about 5-7 Ma (Quade et al. 1989) . Vegetation change to sod grasslands is also supported by field observations of crumb peds of Mollisol in paleosols at about 5-7 Ma in Pakistan and Nepal Retallack 2013 ). Using similar soil-structural criteria, Mollisols appear at 7.5 Ma in the Yaodian section and at 7 Ma in the Dongxiang section ( fig. 6 ). Following Fox and Koch (2003) , absence of C 4 grasses is indicated by values lower than 210.1‰ d 13 C, 50% C 4 grasses by 23.1‰ d 13 C, and 100% C 4 by 13.9‰ d 13 C. Oxygen isotopic compositions of pedogenic nodules in the Himalayan foreland are more difficult to interpret, because they have a mix of source, temperature, rainout, and geographic influences. Summer monsoon rains are intense and warm and have lower d
18 O than their ocean source (Licht et al. 2014b ), but then lower temperature and lower available moisture farther Published major-element analyses of the paleosols also provide evidence of degree of chemical weathering by hydrolysis, which depletes cation bases (Ca 21 , Mg 21 , Na 1 , and K 1 ) at the expense of alumina in clays. The weathering proxy chosen for this study and by Clift et al. (2008) is the chemical index of alteration (I in %) of Nesbitt and Young (1982) , calculated from molar proportions (m) of alumina, lime, potash, and soda according to equation (5). The lime is noncarbonate lime, so samples with 13% CaO were excluded:
The to quantify these observations ( fig. 10A, 10B ). Paleosols of the 20 Ma part of the Dagshai Formation record a modern range of monsoon seasonality in India, whereas the less seasonal climate of the 48 Ma Subathu Formation is comparable to that of northwest China over the past 34 My (fig. 10B ). The inferred difference between dry-and wet-month precipitation from Bk metrics is less than half that demonstrated in modern environments, because the most extreme modern seasonality is in soils so humid that they lack carbonate, such as Neogene paleosols of the eastern Himalaya and Southeast Asia (Nichols and Uttamo 2005; Biasatti et al. 2012; Licht et al. 2014a) . Our incomplete paleosol time series is thus compatible with the Eocene (40 Ma) onset of monsoonal seasonality inferred from oxygen isotopic variation in growth rings of fossil snails and mammals (Licht et al. 2014b ) and fossil wood anatomy (Licht et al. 2015) and with modeling studies suggesting South Asian monsoons as early as 45-35 Ma (Huber and Goldner 2012) or 30 Ma (Ramstein et al. 1997 ).
Our evidence for nonmonsoonal seasonality during the early Eocene is supported by fossil floras of that age in southern China (Spicer et al. 2016 fig. 10A) . Thus, the increase in mean annual precipitation revealed by increased depth to Bk horizons postdated the increase in seasonality of precipitation from increased thickness of Bk horizons. Synorogenic deposition of the Dagshai and Kasauli Formations (Bera et al. 2008; Srivastava et al. 2013 ) by 20 Ma thus coincided with an increase in paleoprecipitation in the north Indian foreland. These precipitation increases explain enhanced chemical weathering evident from the chemical index of alteration of marine sedimentary rocks of the Arabian Sea (Clift et al. 2008) .
Secular variation in precipitation after 20 Ma ( fig. 10A ) also tracks sedimentary weathering indices (Sun and Windley 2015) , without a local change in facies of silty red beds Tanaka 1997) . Increases in mean annual precipitation at about 5 and 10 Ma ( fig. 10B ) correspond to precipitation spikes in western North America (Retallack 2007a) , Kenya (Retallack 2007b) , and South Australia (Metzger and Retallack 2010) . The 10 Ma spike coincides with diatom blooms in the Indian Ocean (Gupta et al. 2004 ) and the 5 Ma spike with increased dust influx in marine cores . These are both times of higher atmospheric CO 2 , from stomatal index of fossil oak (Kürschner et al. 1996) and ginkgo leaves (Retallack 2013) , and they support the general notion that high CO 2 encourages higher water vapor and a more active hydrological cycle (Retallack 2009). These spikes correspond to global FAO (1977 FAO ( , 1978 code for formation Most similar FAO (1977 FAO ( , 1978 modern code
Modern environment
Upper Siwalik Group Continental semiarid Mediterranean climate Figure 10 . A-C, Temporal changes in mean annual precipitation (A), seasonality of precipitation (B), and duration of soil formation (C) inferred from calcic horizon metrics of paleosols from Himachal Pradesh (India), compared with those of Gansu (China) over the past 60 My. D-F, Pedogenic stable-isotope data (D, E) are from Harrison et al. (1993) , Quade et al. (1995) , Srivastava (2001) , Ghosh et al. (2004) , Sanyal et al. (2005) , Singh and Lee (2007) , Leier et al. (2009), and Bera et al. (2010) , and chemical index of alteration (F) was calculated from data of Najman and Garzanti (2000) , Hossain et al. (2008) , Siddaiah and Kumar (2008) , Singh et al. (2009), and Srivastava et al. (2013) . Dashed gray lines represent epoch boundaries. Error bars are all 1 standard deviation from the transfer functions. G-I, Paleoclimatic and soil duration interpretations were based on field measurements of calcic horizons of paleosols.
atmospheric changes rather than regional orographic monsoonal circulation. Paleosol durations are inversely related to sedimentation rate, and truncations in paleosol-duration trends reveal sequence boundaries (Retallack 1998; Mack and Madoff 2005; Atchley et al. 2013) . Our application of the chronofunction of equation (4) reveals a high sedimentation rate throughout the sequence in India but rather slower sedimentation in Gansu, China ( fig. 10C ). These inferences are supported by rates of sedimentation from age models based on magnetostratigraphy: 0.13 mm/y for the Dagshai Formation of India but 0.028 mm/y for Diutinggou, 0.031 mm/y for Dongxiang, and 0.021 mm/y for Yaodian. Furthermore, there was rapidly accelerated sedimentation during deposition of the Dagshai Formation and then the Kasauli Formation. As paleosol duration declined in the Himalayan foreland, the chemical index of alteration in the paleosols there also declined to levels that reflect the glaciated mountainous source regions of these sediments ( fig. 10F ).
Himalaya or Tibetan Plateau Cause of Monsoon?
The Himalayan Range is such a striking barrier that one would think the summer monsoon was enhanced by that great obstacle (Boos and Kuang 2010; Molnar et al. 2010 ). However, a wider view of South Asian circulation emphasizes the importance of the Tibetan Plateau for inducing monsoonal seasonality (Wu et al. 2012) . Both the elevation of the Tibetan Plateau and its displacement of Paratethyan seas have been shown to induce monsoonal circulation in computer models (Fluteau et al. 1999; Roe et al. 2016) .
Our new data fail to address the relative role of the Tibetan Plateau and Himalaya in generating highly seasonal precipitation, because both were very high by the 20 Ma advent of monsoonal paleosols in the Dagshai Formation, and there is currently no Indian paleosol record between 20 and 48 Ma. The sediments examined here are now uplifted, folded, and faulted within the Lesser Himalaya but lack the thick synorogenic conglomerates of the upper Siwalik Group as evidence of mountains close at hand (Bera et al. 2010; Srivastava et al. 2013) , as expected from palinspastic restoration of depocenters (DeCelles et al. 2014) . The sedimentary style and paleosols studied here are comparable to those of the Indo-Gangetic plains rather than the proximal Himalayan alluvial fans (Retallack 1991 (Retallack , 1995 . The basal Dagshai Formation has fossil algae and palm pollen of a coastal setting (Singh and Sarkar 1990 ) and formed at a time when the Paratethyan Ocean was not completely expelled from the Katawaz Basin of Pakistan to the west (Patnaik 2016) .
Our evidence for monsoonal seasonality of precipitation by 20 Ma is close in time to radiometric and structural evidence for increased exhumation of the High Himalaya beginning at 23 Ma (Thiede et al. 2004; Clift et al. 2008) . Oxygen isotopic composition of hornblende and biotite has been taken as evidence that Mount Everest and the Himalayan main range were at elevations of 5 km by 17 Ma (Gébelin et al. 2013) . However, the Tibetan Plateau is older than 26 Ma, from comparable evidence marshaled by DeCelles et al. (2007) , and coeval with Oligocene desertification of central Asia (Sun and Windley 2015; Zheng et al. 2015) . Isotopic evidence from paleosols on the Tibetan Plateau has been used to infer 4 km of elevation by 35 Ma (Harris 2006; Rowley and Currie 2006; Currie et al. 2016; Ingalls et al. 2016 Ingalls et al. , 2017 , and fossil leaf assemblages are evidence of 5 km of elevation since 15 Ma (Spicer et al. 2003) . A recent review (Tada et al. 2016 ) outlines three regional pulses of the Tibetan Plateau uplift: starting in the south and central region at 40-35 Ma, in the north at 25-20 Ma, and in the northeast and east at 15-10 Ma. The primacy of the Tibetan Plateau for Indian monsoonal climate could be tested with discovery of calcareous paleosols in the Indian foreland dated to 25 Ma or older.
The Mongolian Plateau also induces East Asian monsoonal circulation (Sha et al. 2015) , but monsoons are not, and have not been, intense in Gansu ( fig. 10 ). The East Asian monsoon has been attributed to seasonal migration of the intertropical convergence zone and moist static air over warm seas (Roe et al. 2016; Spicer et al. 2016) .
Global Cooling and Drying by
Himalayan-Tibetan Uplift?
Our new paleoclimatic data are relevant to the hypothesis of Raymo and Ruddiman (1992) that global climatic cooling and lowered precipitation over the past 40 My were due to mountain uplift in general and the Himalaya in particular. The Miocene rise of hot, humid monsoonal Indian climate thus contradicted the global trend represented here by Chinese data ( fig. 10 ). Using evidence from strontium isotopic ratios in marine carbonates, Raymo and Ruddiman (1992) Raymo and Ruddiman (1992) , Anderson et al. (2007) , and Maher and Chamberlain (2014) . Mountain uplift inhibits chemical weathering in several ways, primarily by inhibiting plants, and is a force for global warming, not cooling. The strontium isotopic shift observed in Himalayan streams is due not to hydrolytic weathering but to carbonate dissolution, which is carbon neutral for the atmosphere (Jacobson et al. 2002; Quade et al. 2003) . Modern soils and sediments of the Himalayan foreland are also barely weathered (Srivastava 2001; Singh 2010) , like the paleosols. Furthermore, metamorphic decarbonation reactions with tectonic uplift of the Himalaya are degassed through widespread hot springs; for example, the 32,000-km 2 Narayani Basin of the central Himalaya is degassing 11.3 # 10 10 mol/y CO 2 , which is four times the consumption of CO 2 by chemical weathering in that basin (Evans et al. 2008) .
Something other than Himalayan uplift promoted the deeper weathering revealed by marine strontium isotopic values over the past 34 My, and it is unlikely to be completion of the circum-Antarctic current, as first Australia and then South America drifted away from Antarctica with seafloor spreading (Kennett 1982) . Thermal isolation of Antarctica had an effect comparable to that of Tibetan glaciation in curtailing chemical weathering in Antarctica . The albedo effect of Antarctic ice was not sufficient to cool the world without help from declining CO 2 in the atmosphere, which Antarctica worked against as its carbon-sequestering ecosystems were replaced by ice (DeConto and Pollard 2003) .
A more likely explanation for Cenozoic global cooling is coevolution of grasses and grazers, as explained in detail elsewhere (Retallack 2013) . Organisms within coevolutionary trajectories are concerned less with their physical environment than with their biological environment, and this gives coevolution a potential for changing physical environments. Mollisols of tallgrass prairie, like the Indian terai , have as much as 10 wt% organic carbon to depths of more than 1 m, whereas comparable amounts of soil carbon under woodlands seldom are found deeper than 10 cm (Franzmeier et al. 1985) . Pedogenic carbonate isotopes of carbon reveal entry of C 4 grasslands-and deep-calcic Mollisol paleosols demonstrate that they were tall grasslandsinvading the Himalayan foreland by 7 Ma (fig. 10D ). Bunch grasslands had expanded their global climatic and geographic range for the past 34 My (Retallack 2013) . Accelerated weathering in rangelands increased export of nutrient cations to raise phytoplankton productivity and increase organic matter burial in the ocean, such as the Indus and Bengal submarine fans (France-Lanord and Derry 1997; Gupta et al. 2004) . Global cooling was promoted by grassland expansion because of high grassland albedo (17%-19%), especially when covered by snow (albedo 1 50%), compared with that of woodlands (9%-14%) that were replaced by grasslands (Myhre et al. 2005 ). In addition, grasslands have moist soil but dry air, but woodlands transpire as much water as they can and so have soil drier by 20%-30% than grasslands (Breshears and Barnes 1999) . Transpired water vapor would be a greater problem for global warming than CO 2 , were it not so easily rained out. Coevolution of grasslands was thus a force for both cooling and drying over geological time, like the evolution of trees ushering in the Permian-Carboniferous ice age (Berner 1997) and of early land plants inducing the Hirnantian ice age (Lenton et al. 2012) .
Conclusions
Available evidence of paleosols in India limits the onset of near-modern, highly seasonal, monsoonal precipitation to between 48 and 20 Ma (fig. 3B ). Our incomplete paleosol time series does not contradict Eocene (40 Ma) onset of monsoonal seasonality in-ferred from fossil wood, snails, and mammals in Myanmar (Licht et al. 2014b (Licht et al. , 2015 or climate models suggesting monsoons as early as 45 Ma (Ramstein et al. 1997; Huber and Goldner 2012) . Nonmonsoonal early Eocene climates inferred from paleosols documented here and by Singh et al. (2009) also are apparent from early Eocene fossil floras in southern China (Spicer et al. 2016) . These are older than radiometric and structural evidence for uplift of the Himalaya main range beginning at about 23 Ma (Thiede et al. 2004; Clift et al. 2008 ) and thus lend support to the idea that an important threshold in development of near-modern monsoon seasonality in Indian lowlands was created by the 45-20 Ma expulsion of Paratethyan oceans (Molnar et al. 2010; Bosboom et al. 2014; Carrapa et al. 2015; Patnaik 2016 ) and the 35 Ma uplift to 4 km of the Tibetan Plateau (Harris 2006; Rowley and Currie 2006) , coeval with the Oligocene spread of deserts in central Asia (Sun and Windley 2015; Zheng et al. 2015) . Our evidence of calcic paleosols and low chemical index of alteration also contradicts the view that Himalayan uplift created global cooling, culminating in the Pleistocene ice age (Raymo and Ruddiman 1992) . Antarctic thermal isolation is an inadequate explanation of global cooling for similar reasons of declining Antarctic chemical weathering . Cenozoic global cooling was more likely due to the spread of carbon-sequestering grasslands (Retallack 2013). Grasslands had been expanding their range since the early Oligocene (34 Ma), but tallgrass lands first reached what is now northern India and Nepal by the late Miocene to Pliocene (7-5 Ma; Quade et al. 1995) .
Computer modelers of the geological history of the South Asian monsoon (Huber and Goldner 2012; Roe et al. 2016 ) have long lamented the lack of proxy data, particularly on paleoclimatic seasonality, in South Asia. Paleosol carbonate metrics now supply new avenues of proxy data to the question. There is no prospect of gaining comparable data from noncalcareous Cenozoic paleosols of southeast China, Myanmar, and Malaysia (Nichols and Uttamo 2005; Biasatti et al. 2012; Licht et al. 2014a ), but there is vast potential to expand these results to calcareous paleosols of India, Tibet, Pakistan, northwest China, and interior Asia (Retallack 1991 (Retallack , 1995 Quade et al. 2003; Rowley and Currie 2006; DeCelles et al. 2007; Sun and Windley 2015; Macauley et al. 2016) . Our admittedly incomplete first application of paleosol Bk metrics to the deep time records of the Indian monsoon is thus just a beginning.
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